AD-A120 821 LINEAR THEORY OF THE E X B INSTABILITY WITH AN
INHOMOGENEQUS FIELD(U) NAVAL RESEARCH LAB HRSHINGTON DC

J D HUBAR ET AL. 413 OCT 82 NRL-MR-4901
UNCLASSIFIED F/G 28/3 . NL




ST 3 M P

il

Y I
g LA

e ™k

AN

il

R BT

e 02

00

I PN e A

A2

e

A

o mE iy

AR

GRS g A MRS

S

B s e e

R L

. uﬂﬂﬂuluuu.m

mmm M

T I L O

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

g s

e e P R Py O

S

W e ot W A

Prrg A vl

g3 e

o == e



i
S
|
e
U
|
!
I.
[
3
[
\




N T ™ Tk i B A YA I L gl Rk ¥

AP SO YV, SN
LN A n.\.’\.. EXNRC IR I Tl I War I X

SECURITY CLASSIFICATION OF THIS PAGE (Wen Data Entered)

REPORT DOCUNENTATION PAGE BEPORE COMPLETING FORM
. o VT ICCTRON o T RIE e EN TS AT ALS S AU
NRL Memorandum Report 4901 2. A1 &2/
4. TITLE (end ‘ﬂﬂ{'l.) $. TYPE OF REPORT & PERIOD COVERED
LINEAR THEORY OF THE E X B INSTABILITY WITH AN ';RT"”P“‘"‘“"“W
INHOMOGENEOUS ELECTRIC FIELD ‘ problem.

6. PERFORMING ORG. REPOARYT NUMBER

(¥, AUTHOR() . CONTRACT ON GNANT NUMBEN(s)
J.D. Huba, 8.L. Ossskow, P. wlyuuuym‘ and P.N. Guzdar®*

[{ 1] ING ORGANIZATION NAME AND ADDRES! 3 : g.‘eo U=I 'lli A 4
Naval Ressarch Laboeatory 62715H; 61153N; RR033-0244: &7 -
Washington, DC 20376 47-0889.0-2; 47-0883.0-2 / )
19, CONTROLLING OPPICE NANE AND ADDRESS j ?. unoif DAYTE
Office of Naval Research Defense Nudlear Agency October 18, 1882
h NUMBER OF PAGES

| Adington, VA 22217 Washington, DC 20805

0 NCY NAM A $8¢i{ @lilerent fram Conivelling Otfice) 5. SECURITY E LASS. (of thie repert)
: UNCLASSIFIED

mrmgmm

AT WY (of this

Approved for public release; distribution unlimited.

e e S
17. DISTRIBUTION STATEMENT (of the abstract enteved in Bleck 30, i1 difterent em Report)

10. SUPPLEMENTARY HOTES

*Prosent address: Berksley Scholam, Inc., Springfleld, VA 22160 . - . .
##Prosent address: Science Applications, Inc., McLean, VA 32102
(Permanent address: University of eryhnd College Park, MD20742) (OMW)

. (15, KEY WORDS (Centinve on oide 1 y &nd (dontity By biock number)
E X B instabllity Velocity shear
Barium cloud striations - Long wavelength selecuvity
- Highlatitude F region irregularities
TRACT (Continue on ¢ oide 11 y @nd idontity by Mosk -.a)‘

A goneral linear theory of the E X B instability is developed which considers an ambient slectric
field that is st an arbitrary angle to the density gradient, and allows the electiric fleld component
parallel to the density gradient to be inhomogeneous. A differential equation Is derived which describes
the mode structuw of the unstable waves in the direction of the inhomogeneities. The theoty (1)
incdludes ion inertia effects; (2) allows for arbitrary density and electric field profiles; and (8) is valid in
mmmm,u.,@t1mnmmaummm.mmmo +—

- ‘ % {Continues)
DD .75 1473  comonor 1uoves s unuv?

/N 0103014+ 6801
SECUIMYY CLASHPICATION OF Yiis PAST (Wken Bote Borere)

'm-.‘v P PR TSL RS IR T IR IR USSR S VL SN L N U e e e T e ST e -..
- S WA, T .

*:;f.a. lf_..i.q 1“(>Q‘AM!. .L!:'. ' '.“ u ......................




R e e s Iy

AN AR R

R A

Lt v M 2

Acossnion For

J'uuticaum

By.

mnﬂbuuon/ '

T av Avnilability coass

TArail and.for
Pist | Ipoelar

This work wis paibilly spoviscies f?janEnan-onanuuuauuuaanunuanthu;alinaxanz-n-t
1iﬂlfiuﬁ‘NlliﬁﬂnﬂhﬂﬂﬁniHBHMﬂhuulMﬂuﬂan”andhyIhntuﬂntntuuulluunmi |

SJ 3"'3“‘ V(x‘)

mn eaq "'K'

- l)woh)/mc&‘b

SECUMTY CLASHFICATION OF THIS PAGEWhon Buve Bwiere®




N

1
k
1

T midd Vel g

LF

v
%

el

L INTRODUCTION ...........
I THEORY

esbvsssncssnsonee

*

tssasae

LI
se e
s 00 02

LI N ]

.

1

R R L R




G 27 1

g

R AT,

e d

b g T Ry A b oyl VA el 7 o i 5 ot Rl R Y R LI e M ket W S ek L
oy s g S Bl S e e i R AL ..,' M e e b Wy SR T

- LINEAR THEORY OF THE E X B INSTABILITY WITH AN
INHOMOGENEOUS ELECTRIC FIELD

1. INTRODUCTION
An important instability associated with the structuring of
fonospheric plassas (e.g., high latitude P region and bariwm clouds) is

the E x B instability, also known as the gradient drift instability. The

‘instadility 1s an interchange instability which can occur in an

inhomogeneous, weakly collisional, magnetized plassa that contains an
ambient electric field orthogonal to both the ambient magnetic field and

the density gradiemt. A simple vphysical picture of the instability

mechanism s showm 4in Fig. 1.  We consider a plassa such

that B = B e E=Ee, n=n(x) with 3n/3x > Oand v /8, <« v, /8%

<< 1 vhere Von 18 the collision frequency between species a and neutrals,

and na is the cyclotron tte(uen_ey of ’lpceie-‘ a. Upon this i:lasn we impose

a density perturbation dn ~ &u sin(k,y) s showm in Fig. 1. The

-hﬂms of R on the plassa is to cause (1) the electrons and ions
‘to | x | drift fn the x direction and (2) an fon Pedersen drift in the y

direction. The latter effect induces a space charge perturbation electric
field denoted by SE. The response of the plamma to this perturbed
electric field 1s to drift with a vciocity 8y = S x ylz. For the

- configuration showmn 1n Mg. 1, §Y causes the "heavy” fluid perturbation to

fall into the 'fl:lght"f fluid (rcglon I), and the "light” fluid perturbation
to rise into tfu "heavy” fluid (region II) - the classic interchange
phenomenon. Of course, if the direction of 3n/¥x or !’ were reversed then
the dcuity perturbation would be demped.

The original study of the E x B instability was by Simon (1963) and

Hoh (1963), who applied it to laboratory gas discharge experiments.

Muqmt to these first investigations, a considerable amount of
Manwseript submitted July 8, 1983,
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veseazch bas been devoted to explaining ionospheric phcuo-m based upon
. tds !.umtlity (Linson and Worksan, 1970 and references therein; Simon,

1970 mn aad ‘Hasrendel, 1971; Perkins et al., 1973; Zabusky et al.,

we

1 | 1973; Shisu and Simon, 1972; Perkins and Doles, 1975; Scannapieco et al.,

. 1976; Chaturvedi aud Ossskov, 1979; Faskinen and Ossskov, 1982). Two

areas of present interest cqﬁcorning the instability are bariumm cloud

»'otthtion (iu for example the review ptporo Ossakow (1979) and Ossakow

ot al. (1982), and the references tlkuin) and the structuring of plasma

“blebe” in the high lstitude 7 region (Vickrey et al., 1980; Keskizen and
Gesohow, 1982). | | -

hmd tllilv paper is to mmt'aMuI theoryéf the § x B

| instability which cosmsiders an amblent electric field at an arbitrary

‘ angle m ﬂn dc-luy greadient, and allows the electric field component

 parellel to the demsity gradieat to be inhomogensous. Sowe sspects of the

problen have been treated by muu et al. (1973) and Perkins and m;.

(1975). Terkins and Doles (1975) mede the fmportsat, discovery that the

sheared velocity flow. Lmdtm from en uhc-ogmou oloetuc field

: mnd to m donsity Mut) can stabilise cln instability.

Furthermore, short wavelength modes are preferentislly stabilised over

§ v looger wavelength modes. The work of Mrkine snd Doles (1975) considered
. the itrm collision limit (Vg w), assumed a specific density profile

d amenable to snalytical theory, and is valid only in the short wavelength
t regime, 1.0., kyi. >> 1 vhere L 1is the scale length | of the boundary
g ' layer. The present study extends the theory of Perkins and Doles (1975)

by removing these restrictions. Nemely, we derive a differential equation
which describes the mode structure of the E x B instability. Ion inertias

Y effects are imlulod 8o that the ratio v, Io is arbitrary. Moreover, we
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s _solve this qﬁuion uﬁtrically s0 that arbitrary density and electric
field profiles cam be considered, and the regime kL <1can be

\ investigated self-consistently. '

%}) m pdnc!p.l results of this work are the following.

(z 1. The basic conclusions of Perkins and Doles (1975) are verified

numerically. Specifically, the marginal stability criterion they derive ]

snalytically sgress well yith our numerical result. }
2. The margingl stability criterion :l.u weakly dependent upon the |

~ magnitude of v, /u. N

@ 3. The stabilisation mechaniem is sssociated ‘with the x dependent,

. Poppler-shifted frequemcy « - k V,(x), where V (x) = - cE (x)/B, and not

i_: velocity shesr teras proportional to W,/ or a‘v’/&z.

% & mu:);: Where x_ is the position abost which the mode

% ts localised, the wost wmstable wodes have k. A X3t |

'nm otmiutm of the papu- is as tonow In Ssction II we derive

R e bl I
P ) B e
O R L

the -udl structure equation for the’ E x B instability. In Section III we
presant hth analyticsl and nusierical results based upon this equation.

T e

Finally, in Section IV ws summsrize our results and discuss epplications
to ionopheric phenomens, 1.e., barium cloud stt‘uum and high latitude F
region irregulsrities.
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II. THEORY

The cquilﬁtiu configuration used in the analysis is shown in Fig.
2. The ambient magnetic and electric fields are in the z direction and

y
electric field in the y direction is constant, while the electric field in

the xy plane, respectively, vhere B = B ., and E = Ex(x) ;x +E :y. The

the x direction is allowed to be a function of x. This gives rise to an
inhomogeneous velocity flow in the y direction, i.e., Vy(x) = —cE,(x)/B.
The density is taken to 'be inbo-ogcﬁeouc in the x direction (n = n(x)) and
temperature offects are ignored.

The basic assumptions used in the anslysis are as follows. We assume
that the perturbed quantities viry u 613 ~ Gp(x_) cxb [1(-k’y - wt)], vhere
k, is the wave nusber slong y direction and © = w, + 1Y, tmplying growth
for Y > 0. The o:d‘cring in the frcqundu is such that w < %, and
) n«‘. ai (the f F ugion: approximation), vhere Y4 is the ion-neutral
collision frequency and 91‘ is the iim ‘gyrofrequency. We neglect terms of
order w/Q, énd vm/ 2, but retain terms of order Vyq/®e We ignore finite
gyroradius effects by liiiting the wavelength domain to kr;, << 1, vhere
T is the mean 16n ILarmor radius. We neglect perturbations along the
magnetic field (k' = 0) so that only the ‘two-dimensionsl mode structure in
the xy plane 1is obtained. Ve rctain. ion inertial effects, thereby
tm;uding the ion polariiation drift, but ignore electron inertia.

A key fcqturo of our analysis 4s that a nonlocal theory is
dcvﬁlopul. That 1s, the mode structure of the potential in the x
direction, the diucuon in which density and the flow velocity are

assumed to vary, is deterained by a differential equation rithor than an

algebraic equation obtained by Fourier analysis. This is crucial to the
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analysis since Perkins and Doles (1975) have shown that a nonlocal
. analysis is necessary to demonstrate the stabilizing influence of velocity
shear, due to the inhomogeneous electric field parallel to the density
gradient.

The fundamental equations used in the analysis are continuity and

momentum transfer:

anc
3w ft Ve(my) =0 (1)
e 1
A 4 Ny = (@€ + 1 B)-v, ¥ (3)
® t L R A T Rl e T

vhere a denotes species (e: electrons, 1: ions) and other variables have
their usual meaning. Note tha’t electron inertia terms are neglected, but
fon inertia terms are included, and that the neutral wind is assumed to be

zero. The equilibrium drifts are
.'y, - -cE (/B )
A (("m"‘i) cE_(x)/B + (cBZ(x)/BR,) cEy/B) ;‘,
+ (B (X)/B + (v /9) cE /B) e (5)

vhere we have chosen a reference frame such that L A cEy/B,
ai - 'cllnic and B;(x) - axx/ax. A relationship between n(x) and E,(x) can

be derived by assuming V ¢ J = V ¢ [n(Y, = Y )] = O vhich reduces to
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“‘ Ve(n y) =0 (6) ?
E Equation (6) leads to

;}z a(x) ((\’hlﬂi) cE_(x)/B + (cE;(x)/Bni) cE_/B) = constant ¢))
x vhere we take the constant to be the LHS of Eq. (7) evaluated at

‘ X = - @ 'l‘hus., by specifying the density profile, the elegtric field |
r\; profile Ey(x) can be determined from 'Fq. (7). Of course, if there are

: sources and/or sinks in the plqm such that V o (n y-.l) # 0, then Eq.

‘:l (7) 18 not applicable. |

'; We now consider a linear perturba'tion analysis of Eqs. (1)-(3). We

asswme n, =1 + &, Yy~ ¥, + 8y and E = E - V¢ vhere ¢ is the perturb-

ed electrostatic potentisl. Using Eqs. (2) and (3), we obtain

M AR W

S Vey = = 1k é (c/B) (8)

' 8y, = ¢ (c/B) (9)

Ve " (-1ky(1 - V%) e+ 10‘»/&) ¢ = (¥, /%) ¢°7) (e/B) (10)
vy, = ("‘y‘w“i +L V%) 6+ (1 -1k, /9) ¢°) (¢/B) (11)

% vhere G = « + v, - ky Vg vi’ = 3V, /¥x, Vi = 3V, /3x, ¢ = 3¢/3x and

® ¢ = 32¢/m?.  Substituting Eqs. (8) ~ (11) into Eq (1), one can show

that for the ions |

:
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and for the electrons
én

e ' c k g
= = -§ =S (13)

y ey

* *”» - q ”- L& oo
vhere ® = 0 -~ kyvj.y + 1v1x and the superscripts (°,”",”"”) indicate
first, second and third derivatives with respect to x, respectively.
Ve assume quasineutrality and take 6:1e = Gni. The following equation

is then obtained from Eqs. (12) and (13),

1%’_‘0’”-#(14»1{-%)¢"+(§.’.+1:L;1x_(_ky+%;é;(_::,
"'ﬁ':%; 2)e+ (& (1+v;_’ )+k’_i; +"'k’::”
'v.:.n :—‘u_:’ ky(cE/B)) ¢ = © (14)
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We simplify Eq. (14) by assuming the following ordering scheme: 3/3x < ky.
2

v“/ﬂi «K1l,VvV =v/L, VvV° =V/L, k’L << Slil\am ’ kyl. << nilm wvhere L

is the scale length of the inhomogeneous plasma boundary layer. Equation

(14) can now be written as

. iv, kV
v+ Ba-—2ZL )
o Mvin

. (-kz ) 5(«:!,/3) in kyn’ + n" kyv;y
: Mvin W M“:ln
k v 1v o V' . o‘ .
- ~y ey in (: + vcy ;l:__g )) $ = 0 (15)
Mvin w ey ®

where o = w -k V (x) = o+ k (cE (x)/B). ~ Equation (15) describes the
tw-dimensional mode otiuctuu of ¢ for the E x B instability in a

velocity sheared plasma for arbitrary vin/""

10
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IXI. RESULTS

A. Analytical Results

In general, Eq. (15) requires a m-_etical analysis for arbitrary

density and electric field profiles. bmor,' insight into the nature of
the £ x B instability can be piueﬁdv by first considering several limiting
cases.

1. Iocal Theory

We first reduce the differential equation, Eq. (15), to an

albegraic equation by'uk:l.ng uge of local theory. That is, we let

Y > 1k_, and assume kzL 5> 1 aud k:l. >> 1 vhere L_ = (n’ln) 1s the

scale le'ngth of the density inhomogeneity evaluated at x = x,. For

simpiicity, we also take E = Exei + 'Eyey = constant. In this limit, Eq.

" (15) becomes

' (c/B)
Y x.n i k ] -0 : (16)
TR L o+ i“in

where q- ® - kyv‘y_m‘d _ v‘!y - - cnx/B. Equation (16) _hac the ”htl“n

- v . (c/B) 1/2
u--'i—;-“ 1+(1+4EZ —-E'—n——) : (17)

= -E— > 0. (18)

The growth rates of the instability in the strong and weak collisional
limits are, respectively,

11
!

R T R S DT
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q k. k *E (c/B)

; oL o | 3 Vyp M @ (19)
kfk £ (/B \1/2 |

3 ve & T ‘1 5 Vg < @ (20)
% ' with a real frequency w = t’v‘, in each case. | Note that 1nltab11:l.ty can
b occur for E = 0 as long s ky ¥ 0 and E_ # 0 (Eq. (18); see also Heskinen
% and Ossakow (1982). ©For k = ky, one obtains the usual E x B gradient
; drift instability growth rate (Linson and Vorkman, 1971) in Eq. (19), and
:; the so-called high altitude limit (Ossakow et al., 1978) of the E x B
% gradient drift instability in Eq. (20).

'f 2. Nonlocal Theory

: m deriving Eq. (16) the local approximation is used. That
X is, the dispersion equation is solved based upon the plassa psrameters at
. | a particular value of x, say x = 'ogv usually vhcrc_n'/n 1s a maximum which
é leads to lnhn growth. If we now inue E, = E;(x) then a sheared ExB
velocity flow arises vy - v‘y«(x) - - cz:(x)ln. Ayplying local theory to
f, this situation, ome might expect that Eq. (16) is still valid with v_.’
: evalusted at %y, 1.e., vey - v.y(xo). Thus, Eqs. (19) and (20) follow 4
sccordingly, but the real frequency is now given by w_ = K, Voy (%)

i However, Perkins and Doles (1975) have shown, both analytically and using
1@ nmriul simulations, that this is not the case. We do mot reproduce
; their detailed analysis here, but rather, point out the important result
5 of their work.

*‘Z Perkins and Doles (1975) <consider the strong collision
' limit “’m >> w) so that ion inertia terms can be neglected. Furthermore,
13

;




they assume ¥V » (n ) = O vhich 1““-“
a(x) Ex(x) -n 'ox = constant : | (21)

. vhere n, = n(x = - =) and ‘ox - lx(x = =»), This is evident from Eq. (7)
by noting that EX(x) ~E /L and v, >> & ~ CE /L. In this limit, K.
(15) reduces to

. kv
g (- —%L)l 1%

: " k. (cE./B) ka® kV._ ..
2 y(CEy/B) Ky ycyrn 27 %) -
+ kg + 4 =% = ++ )1 +=0 (22)

where G = v - k yVay Vay" ~(cE, Il)(n /n(x)) and V= ~(cE_ /B)(n,/n(x))".
Perkins and Doles (1975) expand Eq. (22) about x = x, where x, is the

| position of maximum n”/n by taking |
op 2,2
n°/n = [1-(x-x°) /D ]/l.n . (23)

Assuaing k;‘l.: > 1 and k:n’ >> 1, and by making several varisble changes,
; they solve Bq. (22) amalyticslly. The importsat conclusion of their
theory is that is that the R x B instability is stadbilised when

E(x) '
RS @n

Thus, the influence of wvelocity shear, i.e., an inhomogeneous K, 1s to
preferentially stadbilise the short wavelength modes, those with k’D » 1.

18
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B. MNumerical Results
In order to solve Eq. (15) numerically, and also to gain insight
into the nature of the solutions, we transform Eq. (15). First, we note
that Eq. (15) is of the form
¢+ p(x) ¢ +q(x) =0 (25)
wvhere p(x) and q(x) are the coefficients of ¢ and ¢, respectively, in Eq.
(15). Ve let
¢ = § exp(-1/2/p(s) ds) (26)
Sllbltituting Eq. (26) into Bq (25), we find that the transformed equation
is
- -q(x) $=0 (27)
vhere '
Qx) = ~q(x) + 1/2 p*(x) + 1/4 (p(x))? (28)
and
. iv k. Vv
o =L -1l (29)
) Mvh
- . v, kV_
o) = G- @b -2 L,
w oy
in
-k V. 1y k V k Vv
-0’ yey 1n(1+ y &y .,,_!07) (30)
n ~ ~
Mvin w M-ivin w
k (cl B) v . k vV
awe) = &2 - YD M Y a Yl
Mvh | @ n 1v1n
k Vv iv n°” vV_n"w _
-;Z'L ~"“( +-X o (31)
Mvi a ™ n V.y now
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X
‘* o ) Equation (27) has a simple form, du;c Q(x) is & complicated function of
| x, which allows physical insight into the mature of the mode structure.
Al‘anmplo,:l.fQi.o_fulaudhilQ)otorI;l)zomdQ(Oforlxl<
; x, then one would expect a bounded solution of § in the region Ix| < x,
E - that exponentially decays for blxll > x,.
We now solve Eq. (27) | numerically for a variety of conditions to
* - better understand the influemce of an inhomogeneous electric field on the
,, } x } instability. In all of the cases presented, the following density
: profile is assumed
i
: n(x) = n, LS tem (/L) | (32)
{ where 0 < ¢ < 1, L characterizes the vidth of the boundary layer, and
% B, =n(xe~%, By varying ¢, the _-ngnt‘tuo of the density gradiemt
 scale leagth L (L, = (8°/n)")) can be changed. Tat fe, as ¢ + 0,
‘. L‘ * -'(-Q constaat dc;ntty 'profnc): as € + 1, tin value of L,*0 (a
‘ rapidly changing density profile). We asssume € = 0.95 for the ricu:l.tu
-, presented so that | B
g

« (;‘:-)m =451 atxLa-09 (33)
1 ¢ The maximum growth rate of the fnstability is expected to be
Y, = 1-45 (V, /1) (34)

where V= cE,/B and we have used Eq. (19) asswming E = E, ey
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The ambient electric field is chosen to bde

e

" . - ~ -~

S | E(x) !x(x) o + !’ oy (335)
f vhere

E(x=-") ~E sinOe +E cos e | (36)
F:

% 80 that 0 = tan-l (Bx/l’) at x = ~», The influence of the x component of
w the eleéttic field is then studied by varying 6 , the angle between B

; E and e’ at x = - o, Two forms of !x(x) are cbnsidered in thc analysis:

£ E (x) = E sfn 0 = constant | (€1))
% and | |

A E(x) = E sin 0 (n_/a(x)) # constant (38)
;‘ These allow us to contrast the effects of no velocity shear and velocity
% shear on the instability. We comment thet By. (38) ie an equilibrium
.?a

solution which satisfies V - (n 11)‘ = 0 in the strong collisional limit
Vg P> @ (.00, K. (D)o |

In Fig. 3 we plot ¥ = ¥/(V,/L) vs k L for 0«0 and 90° and ¥ = v/

(V°/L) = 1.0 and 100.0, where K, 1is chosen ‘t'o be constant (Eq. (37)) and

vo - c!oll. A general comment on all of the curves showmn is that Y is an

increasing function k’L » but Y uyhptotn to a constant value independent

of k L for k: 12 5> 1. This is consistent with the predictions of local

theory. The “"standard” case is 0 = o° » that is, B = !y;y and there is no

i WP s i et g, WP SN S B e

A

component of E parallel to the density gradient. For this case, two

values of V are chosen: strong collisions (3 = 100.0) and weak

16
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‘  Mg. 3 Plot of T = Y/(V /L) ve. kL for 6 = 0° and 90°, and

for ¥ = v, /(V,/L) = 1.0 and 100.0. The electric field K, is

assumed to be constant (Bq. (37)).
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collisions (3 = 1.0) As 1is expected, the growth rataz is larger for the
larger value | of V in the short vavelength regime (kyl. > 1).‘ Also, the
growth rate for v = 100.0 at kyl. =301is Y= 1.39, and is still
increasing, although slowly, as a function of kyL. This value of Y agrees
well with the value obtained from local theory (? = 1.45 from Eq. (33)).
The growth rate for the weak cblliqion case Vv = 1.0 asymptotes to a
somewvhat mller-value of ¥ (‘7 = 0.79). However, note that the difference
between the growth rates for the strong and weak collisional cases becomes
smaller as k L + O, and that the growth rates are, in fact, comparable for

y

kyl.' = 0.1. The "non-standard” case 1s 0 = 90°, or E= Ex;x and the only

component of E is along the density gradient. The major result of this
limit 1s simply that the instability can still persist even though

!’ = 0. The overall influences of V and kyL on the instability are the
same as in the previous che, 0= 90°.

In Fig. 4 we plot Y vs. kL for 8 = 0° and 70° and V = 1.0 and 100.0,

"""""""""

but consider E, to be a function of x as in Eq. (38) so that velocity |

sheared flows occur for 8 # 0°. The curves for Vv = 1.0 and 100.0
and 6 = 0° are shown for comparative purposes. The important results in
this figure are as follows. First, the mode is stable for k.L ) 12 for
both the strong and weak collisional cases when 8 = 70°. This is in
agreement with the conclusion of Perkins and Doles (1975); velocity shear
effects tend to sgnbilin the short wavelength modes, those such
that k: 12 5> 1. The influence of shear on the long wavelength
modes (kyL < 1) 1is weskly stabilizing. Second, the difference in the
growth rate curves for Ve=1.0 and 100.0 is much less than that of the

case of no shear (i.e., 6 = 0)., And finally, since velocity shear can

stabilize short wavelength modes before long wavelength modes, velocity

18

= LA b ot SR S RE TR S S I M S P U B LSS A R I S S T IRCRRUL IO S S G R
T S N T A R e e T T e T T




X Fpupir W g 5 AT

S

VT T

X g e 200, 93 P

o,

Y

A

4.

" RAE S Y

TV

L I

R

e B WS e o TR Sl P o T T o LB SR s gt S A B ol R LT = Sty 1 2 AT > CTeRe TTEEEOATT T,
e P A e Y R TR SR AR R A KR R A ISR I AT e N AE A A W AN u.;...x!v“..,._-..:‘;u.fa

A R -

S,

1-4 1 | - >
| | 8=0" V=100

1.2
1.0
08
/U

0.6}

04

0.2

1071 1 10' 102 {

| . kL |

Fig. 4 Plot of ¥ = Y/(V /L) vs. kyL for 6 = 0° and 70°, and ‘
for V = Vy/(V /L) = 1.0 and 100.0: The electric field E, 1s

assumed to be inhomogeneous (Eq. (38)).
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mode? To shed 1light on this question, we consider the following
simplified equation '

T | - k, (cE /B) .
. o o k2 - y Y R 1 4=
. . ¢ [ky - 1k o= X vey(x ya- ] ¢=0 (39)

| That is, we consider the limit V > 1 and retain the x~dependent, Doppler-

- shifted frequency (w - ky v.y(x)) as - the only contribution of the

inhomogeneous electric field profile. We neglect terms proportionai to

AP gl AP G 0T

Vay? V;;. and n°°. Ve emphasize that Eq. (39) is not the complete mode

structure equation, but 1is solved and contrasted to the correct solution

in order to isolate a single effect of the field inhomogeneity, viz., the

¥R MR s

x dependent resonance ® - ky v.y(x). Inbl"ig. 7 we plot Y ve. kyL for
6 = 70° and E, 1s given by Eq. (38). The solid curve is the solution to
Eq. (27) for ¥ = 100.0, while the dashed curve is the solution to Kq.

o Yias WEIRRS A2 DA

(39). Although thcri is a small difference between these curves

for ky;. < 1, the important point is that the mode is stabilized at

P anPyete gl T

kyl.» = 13 in both cases. Thus, the stabilization mechanism is relaiad ©o

; the x dependent resonance W ~ ky v‘y('x), as opposed to velocity shear

effects associated vith terms propottiohai to V;y and v;;. This 1is a key

e

s "2 i

result of this analysis.

AP L

We now turn our attention to the mode structure associated with the

E x B instability, and the influence of an inhomogeneous electric field on

e b -die: U

its structure. Figure 8 is a plot of the density profile n(x)/n, (Eq.
(32) with ¢ = .095) and the electric field profile E (x)/E,, (Eq. (38)
. with l” - Bo sin 6) versus x/L. For O = 0°. the electric field profile
is simply K (x)/E,, = O. We present plots of Q and ¢ vs. x/L for these

profiles. In the subsequent plots of Q and '0', the subscript r denotes the
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Plot of ¥ = Y/(V,/L) vs kL for ¥ = v, /(V /L) = 100.0 !
and 0 = 70° using Eq. (27) (solid curve) and Eq. (39) (dashed
curve). The electric field E; 1s assumed to be inhomogsneous

(Eq. (38)).
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real part of Q or ¢, and 1 denotes the imaginary part of Q or ¢. The
paunci:etc considered for the first set of modes are k,L -
10.0, V = 100.0, and 6 = 0° (Fig. 9) and 6 = 70° (Fig. 10). These modes
are considered to be short wavelength modes since F’L » 1.

Figure 9 is a plot of Q (Fig. 9a) and ¢ (Fig. 9b) versus x/L for the
case of no electric fiekld 1n_ho-ogem1ty (0 m 0° or E(x) = 0). the
eigenfrequency for the -ode. is ;r - d.o and ¥ = 1.329. the important
points té note are the following. First, the wave potential Q is real and

1s such that Q < O for -1.3 < x/L < =0.5 and Q > O otherwise. Second, the

wave potential Q achieves a minimum at x/L = -0.9, the position of maximum
- Ly (Eq. (33)). Third, consistent with this form of Q, the wave function

: is a bounded mode centered about x/L = =0.9 that falls off exponentially
for x/L > ~0.5 and x/L < -1.3. And finally, the wave function is
reasonably broad in that its half-width at half maximum (Ax) is comparabdle
to the width of the boundary layer, f.e., &x = L/2.

Figure 10 1s a plot of Q (Fig. 10a) and § (Fig. 10b) versus x/L for
the case of an inhomogeneous electric field (0 = f0° and K (x) 1s showm in
Fig. 8). The eigenfrequency for this case is w_ = 0.5307 and Y = 0.0716.
Note that the mode has a real frequency in contrast to the previous case
and that the growth rate is smaller. Other important differences between
this situation and the previous one are as follows. First, the wave
potential Q is shifted to a larger value of x/L. The position of the
linﬁu value of Q. 1s at x/L = =0.12. Also, note that Q also has an
imaginary component. Second, the wave function 3' is the lowest order mode
snd has considerably more structure in x/L than the no shear case.

Finally, the spatial extent of ; is somevhat narrower with Ax = 0.1 L.
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h The subscripts r and i denote real and imaginary, respectively.

The parameters considered are kyL = 10.0, Ve Vyn/ (Y, /L) = 100.0
and 0 = 0° (i.e., E; = 0). The eigenfrequency
1s ?Jr = 0.0and Y = 1.329. (a) Q vs. x/L. (b) ¢ vs. x/L.
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4 and ¢ = 70° vhere K, is given by Ig. (38). The eigenfrequency
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A longer wavelength mode is nov considered. We choose k’L = 0.1 so

that kL << 1, but still consider v = 100.0 as in the short wavelength
case. Figure 11 1s a plot of the density profile n(x)/no and electric
field profile E,(x)/E,, for the ssme parameters as in Fig. 8. However,
the range of x/L is expended for comparison to the broadened wmode
structure. Figure 12 is a plot of Q (Fig. 12a) and ' (Fig. 12b) for the
case of no electric field imbomogenmeity (0 = 0° or K (x) = 0). The
eigenfrequency is T»; = 0.0 and 7 = 0.0930. The character of Q 1is

‘considerably different from the short wavelength case (Fig. %a). The

position of the minimum of the potential well is shifted to x/L = 0.0.
Moreover, a “"potential anti-well® exists for =5.0 € x/L € 0.0 which tends
to inhibit mode penstration in this region. The corresponding
eigenfunction ¢ (Fig. 12b) is also substantially different from the short
wavelength case (Fig. 9b). Firet, the wave function has a m!ﬁéo wave
character 1o that § « § exp (~xx).  Second, the wavefunction 1is
asymmetrical about the position of aminimwm Q., x/L = 0.0. The
vavefunction falls off very rapidly in the region =4.0 < x/L < 0.0 which
1s due to the "potential anti-well"” of Q in this region. PFor x/L < -4.0,
¢ falls off more graduslly, similer to its behavior for x/L > 10.0. And
finally, the wave function is very broad, extending out to x/L = 50.0.
Figure 13 is a plot of Q (Fig. 13a) and § (Pig. 13b) versus x/L for
the same parameters as Fig. 10, but nov we take & = 70° s0 that the
electric field is inhomogeneous (see Fig. 11). The eigenfrequency is
@, = 0.0057 and Y = 0.0314. Although both the wave potential Q and the
wave eigenfunction 3' nov have imaginary components, Q and 3' are quite
simnilar to the no shear case. The wave function is centered about x/L =

0.0, has an asymmetrical nature, and extends up to x/L = 50.0. Thus, the
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The subscripts r and i denote real and imeginary, respectively.

The parameters considered are kyL = 0.1, Ve Vyq/ (V,/L) = 100.0,

and 0 = 0° (i.e., K = 0). The eigenfrequency

1s ;;- = 0.0 and Y = 0.0930.

(a) Q vs. x/Le (b) : vs. x/L.
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Fig. 13 Wave potential Q and wave eigenfunction z as a function of x/L.

al

The subscripts r and 1 denote real and imaginary, respectively.
The parameters considered are k,!. = 0.1, Ve "m"'o"" = 100.0,

and 0 = 70° vhere E; is given by Eq. (38). The eigenfrequency
18 w_ = 0.0057 and ¥ = 0.0314. (a) Q va. x/L. (b) § vs. x/L.
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influence of the electric field inhomogeneity on the wave structure in the
long wavelength regime (kyl. << 1) is much less pronounced than that in the
short vavelength regime (kyL >$ 1).. However, the electric field
inhomogeneity does reduce the growth rate of the mode significantly.
Mnally we ﬁruent Fig. 14 which is a marginal stability curve
- ~ (L.@ey, Y = 0) Of O vs. kyL vhere we have taken Vv = 1.0 (dashed curve)
| and and 100.0 (solid curve). Modes are stable (Y < 0) and unstable
(Y > 0) above and below each of the curves, ulpectively. The ratio’
B (x,)/E, 1s for the case V = 100.0 and has the following meaning. It is
the ratio of Ex to Ey evaluated gt x = x o where X, is the position of
mode localization. The position of mode localization is defined as the
portion of the nininu value of Q., which correlpt;nda to. the maximuwm value
of ¢ . PFor the parainete_ru chosen, it is found tht x, = 0. The marginal
stability criterion is then given by

> 0.05 tan 6. . (40)

vhere 9 1. the value of 0 at urg:l.ul ‘stabllity and we have used Egs.
(32) and (38) vith € = 0.95. From Fig. 14 we fiad that

«©

8, = 88 - 1.4 kL - (41)

where Ou is measured in degrees. Substituting Eq. (41) into Eq. (40), we

obtain

b 4 [»] 0.08
I, > Tam TR Ty - (42)
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Fig. 14 Marginal stability curve of 6 vs. b’l. for v = 1.0 (dashed curve)

and vV = 100.0 (solid curve). The mode 1s stable (Y < Q) and
unstable (v > 0) above and below each of these curves,
respectively. The ratio nx(xo)/x, vs. k,l. is for the

ca«k V = 100.0 vhere xo/L = 0.0 is the position of mode

localization. In all of these curvei, Eq. (38) has been used for

Ey(x).
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E_ (x)
x ‘o > 2.05 (43)
'_'Ey kyl.

for kyl. << 36.0. Note that Eq. (43) is qualitatively consistent with the
result of Perkins and Doles (1975) 4in that there is an inverse
relationship Dbetween Ex(xo)/Ey and ky. Also, Eq. (43) 18 also
quantitatively consistent (see Eq. (24)) since D > L for the profiles
used. Finally, as 6 approaches 90°, 1i.e., Ey + 0, the wavenumber of the
last unstable mode approaches 0. There is no instability at € = 9o°; this

has been demonstrated analytically by Perkins et al. (1973).
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IV. DISCUSSION

We have presented a genmeral theory of the E x B instability allowing
3 for an arbitrary (1) density profile, (2) inhomogeneous electric field
: parallel to the density gradient, and (3) ratio of the collision frequency
“ to the eigenfrequency (i.e., vin/w). A differential equation is derived
- which describes the structure of the mode in the direction of the
';, inhomogeneity, which we have considered to be the x direction. The theory
.: is restricted to wave numbers such that kyL <« nilvin and kyL <« ﬂilw;
_5 since it has also been assumed that "1n/“1 <1 and w/ﬂi<< 1 this
; restriction is not important. This work is basically an extension of the
analysis of Perkins and Doles (1975), whose theory 1is restricted to the
\ regime vy n/m > 1 and kyL > 1, and considers a specific density and
' electric field profile. The principal results of this study are as
‘ follows.

\f 1. PFor a constant electric field profile, imnstability persists even
-1 vhen E_ = 0 (0 = 90°). In fact, instability also occurs for

" Ey <0 (9> 906) when on/3x > 0; this 1is contrary to the simple one
P;: dimensional  result (1., k = ky;y) which  requires Eyan/ 3x > 0 for
b instability. Thus, two-dimensional mode structure (i.e., k = kx;x +

“ ‘ky;y) is crucial toAthe instability (Eq. (18)) (Linson and Workman, 1971).
; 2. For an inhomogeneous electric field, an inhomogeneous E x B
~’j velocity occurs (Vy(x) - - cEx(x)/B) which has a stabilizing influence on

the mode. Moreover, the short wavelength modes (kyL >> 1) are
preferentially stabilized over 1long wavelength modes (kyL < 1) This

result is consistent with the work of Perkins and Doles (1975).
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a. The functional form of K (x) is not critical to stabilization
of the mode. In the absence of any plasma sources or seinks, the ion
continuity equation gives the equilbrium relationship ocetween the density
(n(x)) and the electric field E (x), as given by Eq. (7) (also, see Fig.
8). Perkins and Doles (1975) use this relationship in their analysis.

However, we have considered other electric field profiles (e.g., Ex(x) «
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- n(x) and E,(x) = tanh (x)/n(x)). We have found that the instability is

still stabilized by the velocity inhomogeneity, again preferentially
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stabilizing the shorter wavelength modes, but that ‘the marginal stability
curves are different from Fig. (13). |

| b. The mode 1is stabilized because of the x-dependent resonance
@-kV, (x)in Eq. (15). Tems proportional to 3V, /ax and azvey/:bx2
are not important for stabilization.

c. Perkins et al. (1973) have shown analytically that the mode
is stable for B, = 0 and E; given by Eq. (21). The numerical results
presented here are consistent with this conclusion. However, we add that
as Ey + 0 then kyL + 0. This is clear from Fig. (14) by ﬁottng that
koL >0 as 6 + 90°,

d. In general, it is found that as vy, decreases the growth rate

of the mode decreases; this 1is expected from linear theory (Eqs. (19) and

4

(20)). However, in the case of an inhomogeneous electric field, the
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‘ difference in growth rates between the strong and weak collisional limits
considered 1is nut significant (see Fig. (4)). Furthermore, the

stabilization criterion is not sensitive to Yin (see Fig. (14)).
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These results are applicable to the development of the E x B
instability 4in both barium releases and the high latit'4e F region

ionosphere. First, the important aspects of an inhomogeneous electric
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field on barium cloud striations has been adequately addressed by Perkins
and Doles (1975). In particular, they note that (1) the back side of a
plasma cloud must steepen sufficiently so that it 1is almost one-
dimensional to allow the mode to ‘gtow (1.e., E = Ey ;y) and (2) the
stabilization of the mode due to E,(x) may explain why the sides of a
plasma cloud do not become unstable. Furthermore, from our studies, we
night hypothesize that tﬁe “freezing” phenomenon !;h plasma clouwd
striationi (see McDonald et al., 1981) could be due to shear stabilization
effecti, since shear stabilization acts preferent:lall_y on short wavelength
modes, 1.e., kyL >> 1, but not on long wavelength modes, ife., kyl. <1l
Second, the role of an  inhomogeneous electric field in
the E x B instability can be very important in the structuring of plasma
“blobs™ observed in the high latitude F region. Experimental observations
(Vickrey et al., 1980; Tsunoda and Vickrey, 1982) indicate structuring in
both the east-west and north-south directioms. Moreover, small-scale
structuring of the walls of the "blobs" have also been observed and is
attributed to the E x g' instability and/or the current convective
instability. The plasma configuration is not well-known but the
morphology of the "blobs” appﬁan to be very complex. Not oply are there
inhomogeneities anticipated in the electric field, but there are also
neutral wind effects, field-aligned plasma currents, and possible coupling
effects between the E and F regions. A complete theoretical treatment
incorporating these effects is beyond the scope of this paper. However,
the results of this analysis strongly suggest that in order for
the E x B drift instability to be a visble candidate for structuring in
the high latitude F region, then the ambient electric field must be
orthogonal or nearly orthogonal to the density gradient. A more complete
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discussion of this problem will be deferred to a later report in which the
influences of a field-aligned current and neutral wind are incorporated

into this analysis.
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01CY ATTN RADIO SCIENCES

BERKELEY RESEARCH mm‘. INC,
P.0. BOX 983 '
BERKELRY, CA ”701

01CY ATIN J. WORKMAN

OICY ATTN C. PRETTIE

BOEING COMPANY, THE

P.0. BOX 3707

SEATTLE, WA 98124
01CY ATTN. G. KEISTER
0ICY ATTN D. MURBAY
OICY ATTH G. RALL
0ICY ATTN J. KEMMEY

BROWN ENGINEERING COMPANY, Im. '
CUMMINGS RESEARCH PARK
BUNTSVILLE, AL 33807

01CY ATTN ROMEO A. DELIBERIS

CALIFORNIA AT SAN DIECO, UNIV OF
P.0. BOX 6049
SAN DIEGO, CA 92106

CHARLES STARK DRAPER LABORATORY, INC.
S55 TECHNOLOGY SQUARE
CAMBRIDGE, MA 02139

0ICY ATTN D.8. COX

0ICY ATTN J.P. GILMORE

COMSAT LABORATORIES

LINTHICUM ROAD

CLARKSBURG, MD 20734
01CY ' ATTN G. HYDE

CORNELL UNIVERSITY
DEPARTMENT OF ELECTRICAL ENGINEERING
ITHACA, NY 14850

0ICY ATTN D.T. FARLEY, JR.

ELECTROSPACE SYSTEMS, INC.
80X 1359 :
RICHARDSON, TX 75080

0ICY ATTN H. LOGSTON

01CY ATTN SECURITY (PAUL PHILLIPS)

ESL, INC.

493 JAVA DRIVE

SUNNYVALE, CA 94086
0I1CY ATIN J, ROBERTS
01CY ATIN JAMES MARSHALL

GCENERAL ELECTIRIC COMPANY
SPACE DIVISION

VALLRY PORGE SPACE CENTER
GODDARD BLVD KING OF PRUSSIA
2.0, BOX 8333

. PAILADELPRIA, PA 19101

O1CY ATIN M.H. BORTNER SPACE SCI LAB

GENERAL ELECTRIC COMPANY

P.0. BOX 1122

SYRACUSE, NY 13201
01CY ATTR F. REIAERT

. GENBRAL ELECTRIC TECH SERVICES CO., INC.

* COURT STREET

SYRACUSE, NY 13201
01CY ATTN G. MILUMAN

GENERAL RESEARCH CORPORATION

SANTA BARBARA DIVISION

2.0, 30X 6770

SANTA BARBARA, CA 93111
01CY ATTN JOHN ISE, JR.
01CY ATTN JOEL GARBARINO
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GEOPHYSICAL INSTITUTE

UNIVERSITY OF ALASKA

FAIRBANKS, AKX 99701
(ALL CLASS ATIN: SECURITY OFFICER)
01CY ATTN T.N. DAVIS (UNCLASS ONLY)
01CY ATIN TECHNICAL LIBRARY

- 01CY ATIN NEAL BROWN (UNCLASS ONLY)

GTE SYLVANIA, INC.
ELECTRONICS SYSTEMS GRP-EASTERN DIV
77 A STREET
NEEDHAM, MA 02194
01CY ATIN MARSHALL CROSS

HSS, INC.
2 ALFRED CIRCLE

BEDFORD, MA 01730

"~ 01CY ATIN DONALD HANSEN

ILLINOLS, UNIVERSITY OF

107 COBLE HALL

150 DAVENPORT HOUSE

CHAMPAIGN, IL 61820
(ALL CORRES ATIN DAN MCCLELLAND)
01CY ATTN K. YER

INSTITUTE FOR DEFENSE ANALYSES
400 ARMY-NAVY DRIVE

" ARLINGTON, VA 22202

01CY ATTN J.M. AEIN

01CY ATIN ERNEST BAUER
_O1CY ATTIN HANS WOLFARD
OLCY ATIN JOEL BENGSTON

INTL TEL & TELEGRAPH CORPORATION
500 WASHINGTON AVENUE
NUTLEY, NJ 07110

01CY ATTN TECHNICAL LIBRARY

JAYCOR

- 11011 TORREYANA ROAD

P.0, BOX 85154
SAN DIRGO, CA 92138
O1CY ATIM J.L. SPERLING

JOMNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

© JOMMS BOPKINS ‘ROAD

LAUREL, W 20707
OICY ATIM DOCUNENT LIBRARIAN
01CY ATIN TROMAS POTEMRA
O1CY ATM JOHN DASSOULAS
01CY ATIN DR. DONALD J. WILLIAMS

d
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KAMAN SCIENCES CORP

P.O. BOX 7463

COLORADO SPRINGS, CO 80933
O1CY ATIN T. MEAGHER

KAMAN TEMPO-CENTER FOR ADVANCED STUDIES
816 STATE STREET (P.O DRAWER QQ)
SANTA BARBARA, CA 93102

01CY ATTN DASIAC

01CY ATIN TIM STEPHANS

O1CY ATTN WARREN S. KNAPP

OlCY ATIN WILLIAM MONAMARA

OLCY ATIN B. GAMBILL

LINKABIT CORP

10453 ROSELLE

SAN DIEGO, CA 92121
O1CY ATIN IRWIN JACOBS

LOCKHEED MISSILES & S!AC! C€0., INC
P.0. BOX 504
SUNNYVALE, CA 94088

01CY ATIN DEPT 60-12

01CY ATIN D.R. CHUBRCHILL

LOCKHEED MISSILES & SPACE CO., INC.
3251 BANOVER STREET
PALO ALTO, CA 94304
OLCY ATIN MARTIN WALT DEPT 52-12
O1CY. ATTN W.L. - IMBOF DEPT 52~12
01CY ATIN. RICHARD G. JOHBNSON DEPT 52-12
OICY ATIN J.B. CLADIS DEPT 52-12

LOCKHEED MISSILE & SPACE CO., INC.
HONTSVILLE RESEARCH & ENGR. CTR.
4800 BRADFORD DRIVE

HUNTSVILLE, AL 35807

© ATTN DALE H. DIVIS

MARTIN MARIETTA CORP
ORLANDO DIVISION

-Ps0. BOX 5837

ORLANDO, FL 32805
01CY ATT R. HEFFNER

- MoI.T» LINCOLN LABORATORY

P.O. BOX 73 ,

LEXINGTON, MA 02173
01CY ATIN DAVID M. TOWLE
01CY ATIN P. WALDRON
01CY ATIN L. LOUGHLIN
01CY ATDN D. CLARK




MCDOMNEL DOUGLAS CORPORATION
5301 ' DOLSA AVENUE
HUMTINGTON BEACH, CA 92647
01CY ATIN N. HARRIS
OI1CY ATIN J. MOULE
01CY ATIN GEORGE MROZ
01CY ATIN W. OLSON

i

o

PHYSICAL DYNAMICS, INC.
P.0. BOX 3027
BELLEVUE, WA 98009

O01CY ATIN E.J. FPREMOUW

2

Sy

¥ WA ¢

.

PHYSICAL DYNAMICS, INC.
P.0. BOX 10367

33
[ &F)

R
W LLANY,

01CY ATIN R.W. HALPRIN
01CY ATIN TECHNICAL LIBRARY SERVICES

MISSION RESEARCH CORPORATION
735 STATE STREET
3ANTA BARBARA, CA 93101
0ICY ATIN P, FISCHER
01CY ATIN W.F. CREVIER
01CY ATIN STEVEN L. GUTSCHE
01CY ATIN D, SAPPENFIELD
0ICY AT R. BOGUSCH
OICY ATIM R, MENDRICK
01CY ATTN RALPH KILB
OICY ATIN DAVE SOWLE
01CY ATIN P. PAIEN
01CY ATIN M, SCHEIBE
O1CY ATTN CONRAD L. LONGMIRE
01CY ATTN WARREN A. SCHLUETER

MITRE CORPORATION, THE

P.0. BOX 208

BEDFORD, MA 01730
0I1CY ATIN JOHN MORGANSTERN
O1CY ATIN G. RARDING
O1CY ATIN C.B. CALLAHARN

MITRE CORP
WESTGATE RESEARCH PARK
1820 DOLLY MADISON BLVD
MCLEAN, VA 22101
01CY ATIN W. HALL
01CY ATIN W. FOSTER

PACIFIC-SIERRA RESEARCH CORP

1456 CLOVERFIELD BLVD.

SANTA MONICA, CA 90404
01CY ATIN E.C. PIELD, JR.

PENNSYLVANIA STATE UNIVERSITY
IONOSPHERE RESEARCH LAB
318 ELECTRICAL ENGINEERING EAST
UNIVERSITY PARK, PA 16802

(N0 CLASS TO THIS ADDRESS)

01CY AYTN IONOSPHERIC RESEARCH LAB

PROTOMETRICS, INC.
442 MARRETT ROAD
LEXINGTON, MA 02173
01CY ATTN IRVING L. KOPSKY

OAKLAND, CA 94610
ATIN A. THOMSON

R & D ASSOCIATES

P.O. BOX 9695

MARINA DEL REY, CA 90291
01CY ATTN FORREST GILMORE
01CY ATIN BRYAS GABBARD
01CY ATIN WILLIAM B. WRIGHT, JR.
O1CY ATTN ROBERT P. LELEVIER
01CY ATIN WILLIAM J. KARZAS
01CY AT™N H. ORY
01CY ATIN C. MACDGNALD
01CY AT™ R. TURCO

RAND CORPORATION, THE

1700 MAIN STREET

SANTA MONICA, CA 90406
01CY ATIN CULLEM CRAIN
"01CY ATIM ED BEDROZIAN

ummn C0.
528 BOSTON POST ROAD
SUDBURY, MA 01776

01CY ATIN BARBARA ADAMS

RIVERSIDE RESEARCH INSTITUTE
80 WEST EXD AVENUE

 NEW YORK, NY 10023

01CY ATIN VINCE TRAPANI

' SCIENCE APPLICATIONS, INC.

P.0. BOX 2351

LA JOLLA, CA 92038
01CY ATIN LEWIS M. LIMSOM
OLCY ATIN DANIEL A. HAMLIM
01CY AT E. FRIEMAN
O1CY  ATIN E.A. STRAXER
01CY ATIN CURTIS A. SMITH
O1CY ATTR JACK MCDOUGALL

SCIENCE APPLICATIONS, INC
1710 GOODRIDGE DR.
MCLEAN, VA 22102

ATIN: J. COCKAINE
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;  SRI INTERNATIONAL

ks ~ 333 RAVENSWOOD AVENUE

AN MENLO PARK, CA 94025

, 01CY ATIN DONALD NEILSON

\ O1CY ATMM ALAN BURNS

: 01CY ATIN G. SMITH

i 01CY ATH L.L. COBB

4 01CY ATIN DAVID A, JOHNSON ‘
g 01CY AT WALTER G. CHESNUT
' OLCY ATIN CHARLES L. RINO ‘i

O1CY ATIN WALTER JAYE
01CY AT M. BARON |
01CY ATIN BAY L. LEADABRAND j

3 01CY ATM™ G. CARPENTER ,
& OlCY ATIN G. PRICE ‘
g 01CY ATIN J. PETERSON

7 01CY ATIN R. HAKE, JR.

: 01CY ATIN V. GONZALES

.\ § 01CY ATIN D. MCDANIEL

& STEWART RADIANCE LABORATORY
& UTAH STATE WNIVERSITY

1 DE ANGELO DRIVE

. BEDFORD, MA - 01730

01CY ATIN J. ULWICK

2 TECHNOLOGY INTERNATIONAL CORP
& 75 WIGGINS - AVENUE

2 BEDFORD, MA 01730

_73 01CY ATIN W.P. BOQUIST

& TRW DEFENSE & SPACE SYS GROUP
. ONE SPACE PARK

X REDONDO BEACH, CA 90278 =
4 01CY AT R. K. PLEBUCH

& 0ICY AT S. ALTSCHULER
] 01CY ATIN D. DEE

' VISIDYNE

, SOUTH BEDFORD STREET

4 - BUBLINGTON, MASS 01803

O1CY ATIN W, REIDY

% O1CY ATIN J. CARPENTER

< 01CY ATIN C. HUMPHREY

)

1
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IONOSPHERIC MODELING DISTRIBUTION LIST
(UNCLASSIFIED ONLY)

PLEASE DISTRIBUTE ONE COPY TO EACH OF THE FOLLOWING PEOPLE:

NAVAL RESEARCH LABORATORY
WASHINGION, D.C. 20375
DR. P. MANGE - CODE 4101
DR. R. MEIER - CODE 4141
DR. E. SZUSZCZEWICZ - CODE 4187
DR. J. GOODMAN - CODE 4180
DR. R. RODRIGUEZ - CODE 4187
CODE 2628 - 20CY

A.F. GEOPHYSICS LABORATORY
L.G. HANSCOM FIELD
BEDFORD, MA 01730
DR. T. ELKINS
DR. W. SWIDER
MRS. R. SAGALYN
DR. J.M. FORBES
DR. T.J. KENESHEA
DR. J. AARONS
DR. H. CARLSON
DR. J. JASPERSE

CORNELL UNIJ/ERSITY

ITHACA, NY 14850
DR. W.E. SWARTZ
DR. R. SUDAN
DR. D. FARLEY
DR. M. KELLEY

HARVARD UNIVERSITY

HARVARD SQUARE

CAMBKIDGE, MA 02138
DR. M.B. McELROY
DR. R. LINDZEN

INSTITUTE FOR DEFENSE ANALYSI1S
400 ARMY/NAVY DRIVE
ARLINGTON, VA 22202

DR. E. BAUER

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
PLASMA FUSION CENTER

LIBRARY, NW16~262

CAMBRIDGE, MA 02139

61

NASA
GODDARD SPACE FLIGHT CENTER
GREENBELT, MD 20771

DR. S. CHANDRA

DR. K. MAEDA

DR. R.F. BENSON
NATIONAL TECHNICAL INFORMATION CENTER
CAMERON STATION
ALEXANDRIA, VA 22314

12CY ATIN TC

COMMANDER

NAVAL AIR SYSTEMS COMMAND

DEPARTMENT OF THE NAVY

WASHINGTON, D.C. 20360
DR. T. CZUBA

COMMANDER
NAVAL OCEAN SYSTEMS CENTER
SAN DIEGO. CA 92152

MR. R. ROSE - CODE 5321

NOAA
DIBRECTOR QF SPACE AND ENVIRONMENTAL
LABORATORY
BOULDER, CO 80302
DR. A. GLENN JEAN
DR. G.W. ADAMS
DR. D.N. ANDERSON
DR. K. DAVIES
DR. R. F. DONNELLY

OFFICE OF NAVAL RESEARCH

800 NORTH QUINCY STREET

ARLINGTON, VA 22217
DR. G. JOINER

PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY PARK, PA 16802

DR. J.S. NISBET

DR. P.R. ROHRBAUGH

DR. L.A. CARPENTER

DR. M. LEE

DR. R. DIVANY

DR. P. BENNETT

DR. F. KLEVANS
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PRINCETON UNIVERSITY
PLASMA PHYSICS LABORATORY
PRINCETON, NJ 08540

DR. F. PERKINS

SCIENCE APPLICATIONS, INC.
1150 PROSPECT PLAZA
LA JOLLA, CA 92037
~ DRe D.A. RAMLIN
DR. L. LINSON
DR. E. FRIEMAN

STANFORD UNIVERSIYY
STANZORD, CA 94305
DR. P.M. BANKS

U.8. ARMY ABERDEEN RESEARCR
AND DEVELOPMENT CENTIR
BALLISTIC RESEARCH LABORATORY

ABERDEEN, MD
DR. J. HEIMERL

UNIVERSITY OF CALIFORMIA,
BERKELEY

BERKELEY, CA 94720
DR. M. HUDSON

UNIVERSITY OF CALIFORNIA
LOS ALAMOS SCIENTIFIC LABORATORY

- J=10, U8-664

108 ALAMOS, WM 87345
M. PONGRATZ
D. SIMONS
G. BARASCH
L. DUNCAN
P. BERNHARDT
UNIVERSITY OF CALIFORNIA,
LOS ANGELES
405 HILLGARD AVENUE
LOS ANGELES, CA 90024
DR. F.V. CORONITI
DR. C. KENNEL
DR. A.Y. WONG

UNIVERSITY OF MARYLAND
COLLEGE PARK, MD 20740
DR. K. PAPADOPOULOS

DR, E. OTT

U5 GOVEANMENT PRINTING OPPIOR: 1962  361-334/553 1-3
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UNIVERSITY OF PITTSBURGH
PITTISBURGH, PA 15213
DR. N. ZABUSKY
DR. M. BIONDI
DR. K. OVERMAN

UZAR STAIR UNIVERSITY
47N AND OTH STREETS
LOGAN, UTAN 84322

R. RARRIS

m.
R, K. BAKER
M. R. sCux
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